The mechanisms underlying autoregulation of CBF were studied in 19 rabbits using laser-Doppler flow metry. A cranial plexiglas window was chronically in serted in the skull with dental cement under general an esthesia. The animals then were reanesthetized 5-7 days later and subjected to aortic bleeding while CBF was measured with the probe placed on the window. In the first set of experiments, MABP was decreased (from 90 to 30 mm Hg) and was maintained constant for 1 min. Dur ing the first seconds, CBF followed the steep decrease of MABP. Then, CBF increased and reached a plateau within 3-13 s, depending on the severity of hypotension. Hyperemia occurred when blood was restored, and the CBF recovered from this posthypotensive hyperemia with a rapid phase (within 2 s) and a slow phase (total
recovery within 1 min). The lower limit of autoregulation was found to be 40 mm Hg. An increase in CBF due to papaverine showed that vasodilation was not maximal be low this limit. In the second set of experiments, the rab bits were subjected to four episodes of hypotension at 40 mm Hg each but of different durations (from 2-3 to 60 s). The posthypotensive hyperemia was not influenced by the duration of hypotension, but the time of the total re covery phase increased with the duration of hypotension. We conclude that there exist rapid adaptive mechanisms leading to autoregulation and that the vasodilation is not dependent upon the duration of hypotension. Key Words: Autoregulation-Cerebral blood flow-Hypotension Laser-Doppler flowmetry.
cell-related mechanism (Furchgott et al., 1984; Smiesko et aI., 1985; Harder, 1987; Rubanyi, 1988) .
This study investigated the mechanisms underly ing autoregulation triggered by rapid, reversible hy povolemic hypotension. The metabolic mechanism of autoregulation was tested by studying whether increasing the duration of hypotension modifies CBF and its time course of changes.
To date, the lower extreme of autoregulation has not been studied with continuous and noninvasive methods. Since the determination of rapid changes of CBF may contribute to the understanding of au toregulatory mechanisms, we therefore used laser Doppler flowmetry (LDF). LDF allows reliable, noninvasive, and continuous recordings of the ac tual time course of CBF (Skarphedinsson et al., 1988; Dirnagl et aI., 1989) .
MATERIALS AND METHODS
All experiments were carried out on 19 "Fauve de Bourgogne" male rabbits (weight 2.15-3.30 kg).
Preparation of animals
The surgical preparation was performed in two ses sions.
First operation. Rabbits were premedicated with ace promazine (Vetranquil, 7.5 mg/kg i.v.; Clin Midy) and anesthetized with sodium pentobarbital (30-40 mg/kg i.v.; Clin Midy) via an intravenous cannula. Anesthesia was maintained by hourly injections of pentobarbital (2-3 mg/ kg i.v.). A parietal trepanation was performed and a 6-mm area of bone was removed, leaving the dura mater intact. The bone was replaced by a 3-mm plexiglas window se cured with dental cement. A lO-mm-Iong screw was glued on the frontal bone, perpendiCUlar to the skull surface, and used dming the second operation. The animal was then returned to its cage.
Second operation. Approximately 1 week (5-9 days) later, rabbits were anesthetized with urethan (500 mg/kg i.v.; Sigma) and chloralose (70 mg/kg i.v.; Sigma) via an intravenous cannula and placed in the supine position for tracheal cannulation. Animals were paralyzed with gal lamine triethiodide (Flaxedil, 10 mg/kg i. v.; May & Baker) and ventilated mechanically with a gas mixture (70% N2/30% 02)' The right brachial artery was cannu lated for continuous measurement of MABP (Statham transducer) and for frequent arterial blood gas sampling [Pao2, Paco2, and pH (Corning 178)]. The respiratory pump (tidal volume and respiration rate) was adjusted to maintain Pao2, Paco2, and pH within the physiological range. Abdominal temperature was maintained at 38 ± OSC using a thermostatically controlled blanket and ad ditional radiant heat throughout the experiment. Addi tional gallamine (5 mg/kg i.v.), urethan (125 mg/kg i.v.), and chloralose (15 mg/kg i.v.) were given hourly for pa ralysis and anesthesia.
Induction of hypotension
A teflon catheter (internal diameter 1.6 mm; Biotrol) was placed in the abdominal aorta after a paravertebral laparotomy and used to decrease MABP by bleeding. This catheter was connected to a syringe so that MABP could be maintained at a constant level. Blood was re turned to the animal at the end of the hypotension, re turning to baseline MABP.
Measurement of CBP
CBF was measured using a Laserflo monitor (BPM 403; Vasamedics, St Paul, MN, U.S.A.) . A needle probe (P433-l) was placed on the external window surface se cured by a stereotaxic system fixed to the skull via the chronically implanted screw. Since the LDF readings rep resent the flow in the cortex and also in the dura-mater and the pial vasculature, care was taken not to place the LDF probe above pial vessels. The averaging time of the LDF probe was set at 0.5 s. The probe and the window were protected from direct light.
Protocol
After control measurements of CBF and systemic vari ables obtained under conditions of eucapnia and hyper capnia, all rabbits underwent two different experiments.
Group A: I-min hypotension (n = 19). In the first set of experiments, performed in 15 rabbits, MABP was de creased and maintained constant for 1 min at successive different levels: 80, 70, 60, 50, 40, and 30 mm Hg. In rabbits whose MABP was above 100 mm Hg, experi ments at 90 mm Hg were also performed. Arterial blood samples were withdrawn after 40 s of bleeding in nine animals at an MABP of 60 mm Hg and in five animals at an MABP of 40 mm Hg. In an additional group of rabbits (n = 4), the animals were given papaverine chlorhydrate (2.5 mg/kg i. v.; Sigma) during the autoregulatory plateau of CBF at 30 mm Hg to determine whether vasodilation was maximal when MABP was below the lower limit of autoregulation.
Group B: 40-mm Hg hypotension of various durations (n = 15). In the second set of experiments, blood was withdrawn to produce an MABP of 40 mm Hg for 60, 30, and 15 s and the shortest time needed to reach 40 mm Hg (-2-3 s).
The animals were allowed to recover between the hy potensive episodes to enable blood flow to return to its baseline value. The total duration of the two series of experiments for each animal did not exceed 4 h. Rabbits were killed by injection of barbiturates at the end of the experiment. The plexiglas window was removed and the underlying brain was examined under a lens and checked for the absence of lesions.
Statistical analysis
Results are expressed as means ± SD. Significance was assumed at p < 0.05. The influence of MABP and of the duration of hypotension was assessed by one-way analy sis of variance followed by multiple comparisons (Dun nett t test), linear regression tests, and calculation of re gression coefficients. The effect of hypotension on blood gases and pH was evaluated by paired t tests.
RESULTS
The control physiological data for all animals studied (n = 19) were as follows: MABP 93. 6 ± 5.0 mm Hg; pH 7.41 ± 0.02; PaOZ 128.8 ± 13.9 mm Hg; PaCOZ 32.9 ± 2.7 mm Hg. CBP control or 100% of CBP was the mean CBP during the minute prior to hypotension.
The usual time course of CBP changes when in ducing hypotension was the following (see Pig. 1):
Rapid bleeding was performed to maintain a plateau of MABP (MABPp)' In the early phase, CBP fol lowed passively the MABP changes, decreasing from its control value (CBPe) to a minimal value (CBP mi n ). Then, in the next phase, CBP increased up to a plateau (CBFp) after Tp seconds. At the conclusion of the 1 min of hypotension, when blood was restored, CBF reached a maximal value (CBF max ) and then decreased to reach CBFe. The general time course of this decrease led us to deter mine two time constants: Till' the time required for the CBP to reach (CBP max -100)/2 + 100; and Tn the time by which CBP returned to CBFe.
Effect of I-min hypotension
CBF mi n , CBFp' and CBF max at all MABP levels are shown in Table 1 . T p ' Tlh, and Tr are summa rized in Table 2. CBF mi n varied from 71 to 32% of CBFe. The more severe the hypotension, the greater the passive de- 2.6 ± 2.1 0.5 ± 0.8 4.0 ± 9.3 (n = 9) (n = 15) (n = II) 70 6.0 ± 3.2 0.9 ± 0.8 22.7 ± 39.3 (n = 10) (n = 16) (n = 9) 60 5.2 ± 1.6 1.5 ± 0.8 39.0 ± 53.7 (n = 7) (n = 15) (n = 5) 50 6.8 ± 3.0 1.5 ± 1.0 48.3 ± 32.3 (n = 9) (n = 12) (n = 7) 40
10.4 ± 1.0 1.8 ± 1.2 57.5 ± 52.3 (n = 27) (n = 15) (n = 8) 30
13.2 ± 10.1 2.4 ± 1.6 71.0 ± 42.4 (n = 10) (n = 5) (n = 6)
Tp. time required for CBF to reach its autoregulatory plateau; T1;" time required for CBF to reach (CBFma x -100)/2 + 100; Tn time required for CBF to return to the control value after blood restoration.
became lower, as might be expected since CBF max is correlated to MABP p' The equations on the linear relationships are as follows: y = -O.lx + 3. 4 (p < 0.001, r = -0.56), where x is MABPp and y is T1/2; and y = -1.3x + 108.9 (p < 0.001, r = -0.58), where x is MABP p and y is Tr• Pao2, Paco2, and pH before and after 40 s of bleeding are shown in Table 3 . Bleeding resulted in hypocapnia and alkalosis, which were more pro nounced at 40 than at 60 mm Hg.
CBF p was 67 ± 20% of CBF c in the four rabbits subjected to a hypotension of 30 mm Hg before pa paverine injection. The papaverine chlorhydrate produced an increase in CBFp that reached 161 ± 40% of CBFc while MABP remained at 30 mm Hg.
This increase was statistically significant (p < 0.01).
Effect of 40-mm Hg hypotension of various durations
CBF max after 2, 15, 30, and 60 s of hypotension was, respectively, 190 ± 54% of CBFc (n = 14), 240 ± 96% of CBFc (n = 15), 221 ± 62% of CBFc (n = 14), and 235 ± 81% of CBFc (n = 13). There was no statistically significant effect of the duration of hy potension on the posthypotensive hyperemia.
Similarly, T1/z was, respectively, 2. 6 ± 1.2 s (n = 11), 3.5 ± 1.4 s (n = 11), 3. 1 ± 2. 2 s (n = 17), and 1.3 ± 1.1 s (n = 14). Increasing the duration of hypotension had no effect on the initial rapid recov ery step. 
DISCUSSION
The present results indicate that the pressure flow relationship is passive during the first seconds of rapid MABP changes in anesthetized and venti lated rabbits. But autoregulatory mechanisms caused CBF to increase and rapidly reach a plateau of flow during bleeding, returning rapidly to control levels when blood was restored. Recovery occurred in two stages: a very rapid phase and a slower phase. Increasing the duration of bleeding did not increase the posthypotensive hyperemia, but did in crease the duration of the second phase. The lower limit of autoregulation was found to be at 40 mm Hg MABP in rabbits under anesthesia. Even at this level, vasodilation was found not to be maximal. This is the first report in which LDF was used on a chronic preparation, permitting rapid, instanta neous measurements of blood flow. In previous studies, the probe was placed on the intact dura mater (Skarphedinsson et aI. , 1988; Dirnagl et aI., 1989; Iadecola and Reis, 1990) or over the cortex with the dura removed (Haberl et aI., 1989a,b) . In our study, the chronically implanted window was used to make CBF measurements in a closed skull and therefore in a preparation relatively close to the normal situation. This chronic method avoids con founding data that may be obtained in acute exper iments, such as spreading depression (Hansen and Lauritzen, 1988) . A 3-mm plexiglas was used to fa cilitate the fixation of the window. We verified that the LDF readings were linearly related to a simu lated flow measured with and without plexiglas.
In our study MABP was modified by rapid bleed ing. Three methods are generally used to achieve systemic steady-state hypotension: infusion of hy potensive drugs, stimulation of the baroreflex, and arterial bleeding. None of these methods is perfect.
Drugs can have their own effect on cerebral vessels (Strandgaard and Paulson, 1984) . Stimulation of the baroreflex involves the central nervous system, which can interfere with the regulation of the cere bral circulation. Arterial bleeding induces hypovo lemia and subsequently hypocapnia and alkalosis (see Table 3 ), but it does produce rapid and con trolled hypotension.
Most authors have found the lower limit of auto regulation to be 60 mm Hg in humans and cats (Las sen and Christensen, 1976; MacKenzie et aI., 1979) and 50 mm Hg in dogs (Sokoloff and Kety, 1960; Ekstrom-Jodal, 1970) . Others (Carlyle and Gray son, 1955; Rapela and Green, 1964) have reported in cats, rabbits, and dogs CBF autoregulation down to an MABP of 40 mm Hg. Our results agree with these latter studies, with a lower limit of autoregu lation at an MABP of 40 mm Hg in anesthetized rabbits.
In our study, the slope of the linear relationship between CBF and MABP within the limits of auto regulation was not different from zero. This result agrees with a number of previous reports (Lassen, 1964; Paulson et al., 1990) , but disagrees with oth ers (Kontos et al., 1978a; Heistad and Kontos, 1983 ). The latter found that each 1O-mm Hg change in MABP is associated with a change in CBF of 3.5-4. 5% in anesthetized animals. These differ ences could be explained by the physiological con ditions of the preparations and the use of different anesthetics. In the present study, care was taken to measure CBF noninvasively in a closed skull.
Our finding that CBF during the autoregulatory plateau was significantly different from CBF con trol indicates that the compensation due to vasodi lation was not complete. The fact that CBF re mained constant within the autoregulatory range of MABP and that CBF was below CBF control could be explained by the vasoconstriction due to hypo capnia (see Table 3 ). Harper and Glass (1965) showed that lowering MABP to 100--50 mm Hg and reducing P aco2 caused a slight decrease in CBF, but that lowering MABP below 50 mm Hg and decreas ing P aco2 no longer had a significant effect on CBF.
This would suggest that the hypocapnic cerebrovas cular constriction is attenuated by hypotension.
Hypocapnia occurred in our experiments, sug gesting also that there was no accumulation of CO2 in the cerebral tissue that could have been respon sible for the autoregulatory vasodilation, as is as- Vol. 12, No.4, 1992 (10) FIG. 2. Effect of the duration of hypotenSion on the whole recovery period (values are means ± SD. number of measurements in parentheses). The time required for recovery of CBF increased with the duration of bleed ing (p < 0.001, r = 0.51; Y = 1.3x + 28.2. where x is the duration of bleeding and y is T r)· sumed by some authors (Berne, 1964; Paulson et al., 1990) .
Autoregulatory adjustments were rapid: CBF reached its autoregulatory plateau in 2.8 to 13.2 s. This is shorter than the time reported in previous studies, which described a steady-state CBF within a few minutes (Hirsch and Korner, 1964) or in 1 min (Rapela and Green, 1964; Ekstrom-Jodal, 1970) .
However, Kontos et al. (1978a) , who observed the diameter of pial arteries, found that the speed with which the arteries dilated in response to hypoten sion was very short. The diameter began to increase 3-7 s after the onset of hypotension. Thus, our re sults, expressed in relative variations of CBF, con firm the previous results of Kontos et al. (1978a,b) .
More recently Aaslid et al. (1989) , assessing CBF by transcranial Doppler in humans, also found a very rapid response to hypotension under hypocap nic conditions. The blood flow was fully restored to the pretest value as early as 4.1 s after the steep decrease in blood pressure. Posthypotensive events have been described pre viously (Ekstrom-Jodal, 1970; Aaslid et al., 1989 ), but for the first time, we have used them in an at tempt to examine the mechanisms of autoregula tion. The posthypotensive hyperemia increased with the severity of bleeding. This overshoot was directly correlated with the vasodilation that oc curred during hypotension. This vasodilation was inversely correlated with MABP, being greater at 30 mm Hg than at 40 mm Hg. Since hyperemia was greater after hypotension at 30 mm Hg than after hypotension at 40 mm Hg, the lower limit of auto regulation does not correspond to a maximal dila tion of the vessels. The cerebral vasodilation at the lower limit of autoregulation was not sufficient to compensate fully for the reduction of blood pres sure. This result confirms the hypothesis proposed by other authors (Kontos et al., 1978a; MacKenzie et al., 1979) . The increase in CBF induced by pa paverine injection at an MABP of 30 mm Hg indi cates that vasodilation is not even maximal at an MABP that is lower than the lower limit of autoreg ulation. This could be explained by the previous work done by Kontos et al. (1978a) and MacKenzie et al. (1979) , who showed that the responses of ce rebral precapillary vessels to hypotension are size dependent. They demonstrated that at blood pres sures lower than 40 mm Hg, the largest dilative re sponse was due to small vessels. Since papaverine dilates all vessels, a bolus injection of papaverine during the autoregulatory plateau at 30 mm Hg fur ther increases CBF. This also means that only 40% (67/161%) of the cerebral dilative capacity is used physiologically to maintain CBF even when MABP is as low as 30 mm Hg.
Recovery from hypotension is a two-step pro cess. The duration of the rapid phase was in the range of 0. 2-2. 4 s, whereas the duration of the longer phase was in the range of 1. 0--71. 0 s. Both durations increased with the duration of hypoten sion. It was observed that the time necessary for blood vessels to recover their initial size was longer after a greater dilation.
The results of this study do not indicate which of the three proposed mechanisms of autoregulation may be operative. The metabolic theory is based on the accumulation of vasoactive metabolites when CBF is decreased. The present results show that a CBF plateau occurs despite the severity of hypoten sion, and furthermore that there is no link between the posthypotensive hyperemia and the duration of hypotension. According to the metabolic theory, these observations would suggest that the amount of vasoactive metabolites does not increase with the duration of hypotension. There is no link between the rapid recovery step and the duration of bleed ing. But there is a relationship between the whole recovery time and the duration of hypotension. This suggests that each step could be due to a different mechanism. Vasodilation seems to depend on a quasi-instantaneous phenomenon. The very short response time in our study favors the myogenic or neurogenic theories. However, recent results of computer simulations (Paulson and Newman, 1987) have suggested that local chemical mechanisms may act very rapidly. The time dependence of the whole recovery time reinforces this result.
In conclusion, the present investigation describes the dynamic aspects of the cerebrovascular events involved in the autoregulation of CBF in rabbits. It shows that the changes in CBF are parallel with the changes in the diameter of pial vessels reported pre viously by other authors. There exist rapid adaptive mechanisms leading to autoregulation. Further, the vasodilation is not dependent on the duration of hy potension.
